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The objective of this work was to determine the change for straw production, carbon and 
ash content in vegetative tissues through ten cycles of recurrent selection in bread wheat, 
evaluated under tilled (CT) and non-tilled (NT) soils. Twenty-four wheat genotypes, four for 
each one of the 0, 2, 4, 6, 8 and 10 cycles of recurrent selection (RS), were used in this study. 
Experiments were established during two successive seasons. Ash content was expressed on 
dry mass basis. To estimate the carbon content, we based our calculation on the assumption 
that organic matter is 50% carbon. Straw dry weight was measured. For each trait, a linear 
mixed model (regression) was fitted to the experimental data. In response to the number of 
selection cycles, the ash content percentage increased under CT and decreased under NT. 
Carbon content decreases under CT, but increases under NT. The sequestered straw carbon 
and the straw production significantly decrease under CT meanwhile there was no change 
under NT. The observed increase for straw ash content would be related to the highest rate 
of transpiration in the more advanced recurrent selection cycles. Consistent with these 
results, the percentage of straw carbon content decreased because of the mobilization of 
reserves from the stems and leaves to the grains. 
Keywords: mineral straw content, carbon straw content, soil management, wheat 
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Introduction
Mechanism of mineral accumulation in vegetative tissues may be explained, in part, 
through the passive transport of minerals driven by transpiration (Cabrera-Bosquet et al. 
2009). So, higher transpiration rate increases the amount of passively transported miner-
als in the leaves (Zhu et al. 2008). In this context, Merah et al. (2001) hypothesized that 
lower transpiration efficiency (TE), may result in higher dry matter partitioning to grain; 
while Monneveux et al. (2006) stated that breeding for high carbon isotope discrimination 
(Δ) in grain at maturity would lead, under water stress conditions, to higher stomatal 
conductance, lower TE and higher grain yield. Given the cost and technical skills required 
for Δ assessment, a simpler chemical determination, ash (mineral) content, was proposed 
as a surrogate for Δ (Araus et al. 1998; Merah et al. 1999). Masle et al. (1992) found that 
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genotypes with low transpiration efficiency (high Δ) had higher ash content in leaf dry 
matter. Moreover, a positive correlation was found between leaf ash content and grain 
yield under drought or residual soil moisture stress (Misra et al. 2006). Consequently, 
higher values of stomatal conductance (indicator of transpirative gas-exchange activity) 
and ash content on vegetative organs should be positive related with grain yield. Reports 
from several authors support this hypothesis: Araus et al. (1998); Merah et al. (1999); 
Araus et al. (2001) and Monneveux et al. (2004a). In this context, comparisons of materi-
als derived from successive cycles of recurrent selection can throw an interesting light on 
the evolutionary trend in morph-physiological and agronomical characteristics.
From an agronomical point of view, Gajri et al. (1992) observed that conventional till-
age (CT) increased the transpiration rate, and simultaneously the grain yield, compared to 
non-tillage (NT). While the adoption of NT brought the benefit of increased water storage 
in the soil, a drawback is the reduced availability of inorganic nitrogen (López-Bellido and 
López-Bellido 2001). Moreover, under NT an increase in stored water does not imply an 
increased use of it (Baumhardt and Jones 2002). In this line, Fabrizzi et al. (2005) shown 
that a greater soil water content at harvest was the result of a lower crop growth due to 
nitrogen deficiency. However, the agronomical performance of wheat under NT has been 
related to water rather than nitrogen availability (O’Leary and Connor 1997; Fuentes et al. 
2003). Finally, an unfavorable crop response to no-tillage may be the consequence a lower 
crop water use during the stem elongation stage (López and Arrúe 1997).
The objective of this work was to determine the changes in straw production, carbon 
and ash content in vegetative tissues, through ten cycles of recurrent selection in bread 
wheat evaluated under tilled and non-tilled soils.
Materials and Methods
Plant material
Twenty-four wheat genotypes (Triticum aestivum L.), four for each one of the 0, 2, 4, 6, 
8 and 10 cycles of recurrent selection (RS), were used in this study. The twenty-four 
genotypes did not highly differ in phenology. The development of the base population 
was described by Maich and Di Rienzo (2014).
Site and crop management
Trials were carried out under rain-fed conditions at the Campo Escuela de la Facultad de 
Ciencias Agropecuarias (Universidad Nacional de Córdoba), Córdoba (31°29’ S; 64°00’ 
W) in the central semiarid region of Argentina, with a characteristic Enthic Haplustol soil 
(organic matter content 2.50%, pH 6.3) with a soil depth of 0.60 m. The soil is rich in 
phosphorus and has a relatively high water-holding capacity (around 20%). Experiments 
were established during two successive seasons (2011 and 2012). Sowing was made on 
10th and 8th of May 2011 and 2012, respectively. Anthesis occurred in September and 
maturity at the end of October in all 2 yrs. The twenty-four genotypes were evaluated 
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under conventional and non-tillage systems in two fields, next to each other, located in the 
same site of the selection program. One row plots 5 m long spaced 0.20 m at a seeding 
rate of 250 viable seeds by square meter were used. Because of restriction to randomiza-
tion, imposed by the tillage practices, two replicates in complete blocks where allocated 
within each field. Complete weed control was made by hand weeding. 
Climatic condition
Residual soil moisture stress is the most common type of water stress experienced by 
rain-fed wheat in this zone leading to post-anthesis water stress. The first year (2011) was 
characterized by a low total rainfall (141.5 mm), with a strong water deficit occurring at 
anthesis. The second year (2012), by contrast, was wetter (236.5 mm). Volumetric soil 
water content was determined at sowing and at harvest. Cumulated evapotranspiration 
during the growth cycle was 373.5 mm (2011) and 347.5 mm (2012). 
Ash content
For each genotype at maturity vegetative tissues (referred to as straw, a mixture of stems, 
leaf blades and sheaths) were ground in a fine powder. The basal parts of plants, 5-cm 
length above the joint between root and stem, were used. Ash content was determined 
using the AACC method 08-01 (American Association of Cereal Chemists 1995). Ap-
proximately 2 g of dry mass was placed in pre-weighed porcelain crucibles and inciner-
ated at 575 °C for 16 h (until light grey ash was obtained). Ash content (%) was expressed 
on dry mass basis. Two measurements were done for each sample. 
Carbon content
The method used to estimate organic matter is based on the principle of weight loss-on-
ignition (WLOI), where the mass lost on heating a dried sample to its ashing temperature 
is assumed to be organic matter. To estimate the carbon content, we based our calculation 
on the assumption that organic matter is 50% carbon (Pribyl 2010).
Straw dry weight
At maturity, straw production was recorded in each plot and dried in a forced-air drier at 
80 °C for at least 48 h. Dry weight was measured (g/m2). 
Statistical analysis
For each trait, a linear mixed model (regression) was fitted to the experimental data. The 
fixed terms of the model included the tillage factor (conventional tillage – non-tillage), 
the number of recurrent selection cycles as a covariable, and their interaction. This way 
of specifying the fixed part of the model implies to fit two regression lines: one for each 
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tillage practice. The random terms included the effects of year, blocks within year-tillage 
practice, family and the random interactions among year and fixed terms of the model. 
A significance level of 5% was used to interpret results. Statistical calculations were per-
formed by InfoStat statistical software (Di Rienzo et al. 2014). 
Results
The regression line of ash content percentage on the number of selection cycles shows a 
dependency with tillage practices (p = 0.0012) (Fig. 1A). Difference on ash content at the 
beginning of the selection program (C0 or base population) was not significant. Mean-
while, the ash percentage increased under CT, it decreased under NT in response to the 
number of selection cycles. 
Although no difference in carbon content was found at the beginning of the selection 
program, the regression line slope of carbon content percentage on the number of recur-
rent-selection cycles depends on tillage practices (p = 0.0012) (Fig. 1B). Carbon content 
decreases under CT, but increases under NT. However, the increase (NT) and decrease 
(CT) was, after 10 cycles of RS, of only a half of a percentage point. 
The regression line of sequestered straw carbon per unit area (g/m2) on the number of 
recurrent-selection cycles was related on tillage practices (p = 0.0001), but no differences 
at the beginning of the selection program were found (Fig. 1C). The sequestered straw 
carbon significantly decreases at a rate of 5 g/m2/cycle under CT (p = 0.0092) meanwhile 
there was no change under NT. 
(A)
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The regression line of straw production per unit area (g/m2) on the number of recur-
rent-selection cycles depends on tillage practices (p = 0.0003) (Fig. 1D). No differences 
at the beginning of the selection program were found. The straw production significantly 
decreases at a rate of 12 g/m2/cycle under CT meanwhile there was no change under NT. 
Discussion
The observed increase in straw ash content, in correspondence to the number of recurrent- 
selection cycles under CT, can be explained by a correspondent increased rate of transpi-
ration. Misra et al. (2010) and Zhang et al. (2010), concluded that ash content is a good 
predictor of transpiration. Moreover, Sadras and Connor (1991) established a simple and 
consistent relationship between harvest index and the fraction of water transpired after 
anthesis. Monneveux et al. (2004 a-b), showed that higher yields in wheat are accompa-
nied by increased straw ash content; similarly, the improvement for grain yield under CT, 
found by Maich and Di Rienzo (2014), working on the materials of the same selection 
program on which this paper is based, are also related with an increase in straw ash con-
tent. Not being the water stored in the soil a limiting factor, in the NT soil management 
(D)
Figure 1. Ash content (%) (A), carbon content (%) (B), sequestered carbon per unit area (g/m2) (C) and straw 
production per unit area (g/m2) (D) versus the number of recurrent-selection cycles. Black and gray dots cor-
respond to conventional tillage and no-tillage, respectively. Solid and dash lines are the regression lines cor-
responding to conventional tillage and no-tillage, respectively. Yc and Yn are the estimated linear regression 
equations for conventional tillage and no-tillage, respectively.
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the reduction in ash content is a direct consequence of a decrease in the transpiration rate 
correlated with the absence of genetic progress in yield (Maich and Di Rienzo 2014).
Considering that ash content is related to the efficiency of carbon partitioning to the 
grain (Zhu et al. 2009), the decreased of the percentage of straw carbon content with the 
succession of cycles of recurrent selection, is the result of the mobilization of reserves 
from the stems and leaves (source) to the grains (sink). This is in line with the increase of 
grain yield and harvest index after ten cycles of recurrent selection evaluated under CT, 
and the no progress in grain production under NT reported by Maich and Di Rienzo 
(2014). The evidence points to water stress occurred during grain-filling period under the 
NT system, supported by the following arguments: 1) there was no difference in aerial 
biomass production between NT and CT (no matters the cycle), 2) the amount of stored 
water and the N availability in the soil before sowing for both tillage conditions was the 
same, and 3) at harvest, the NT soil retained more water than the CT soil (Maich and Di 
Rienzo 2014). This situation affected negatively NT grain production, confirming what 
was stated by Blum (1998) regarding the negative effect of water stress during the grain 
filling period on the mobilization of the stem stored carbohydrates to the grain.
The decline in the amount of sequestered straw carbon per unit area under CT, after ten 
cycles of recurrent selection, can be explained by the increased export of photo-assimilat-
ed to the sink. A positive relationship between harvest index and dry matter mobilization 
efficiency during grain filling was demonstrated by Zhang et al. (2008). Conversely, the 
invariability of straw carbon values per unit area, when the material was evaluated under 
NT, is the result of a straw carbon sequestration capacity but the concomitant inability to 
mobilize into the grain because of a water deficiency.
Our results showed a decrease in the straw production under CT, and considering that 
Maich and Di Rienzo (2014) did not observe any progress for aerial biomass production 
in both CT and NT agronomical practices, the increased capacity of the partitioning aeri-
al biomass to grain yield (harvest index) causes a decrease in the amount of remaining 
straw. The absence of significant changes under NT for straw production is associated 
with no changes in harvest index.
In summary, the increased ash and decreased carbon straw content under CT, would be 
related to the highest rate of transpiration and mobilization of reserves from the stems and 
leaves to the grains in the more advanced recurrent-selection cycles.
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